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 Biomolecular detection systems based on monitoring changes in the refractive indices of functionalized surfaces are promising for 
applications as chemical and biological sensors. Here, we describe the design and figures of merit of our refractive index based guided 
mode resonance (GR) biosensor consisting of thin film silicon nitride sub-wavelength nano-gratings. The sensitivity of our nano-
grating GR sensor was experimentally determined to be 59.3 nm per refractive index unit. We describe how the wavelength for 
maximum intensity of diffraction (peak-wavelength) of nano-gratings was affected when functionalized magnetic nanoparticles 
(MNPs) were attached onto GR sensor surfaces. Moreover, we demonstrate with avidin-biotin model experiments that attaching MNPs 
to sensor surfaces enhances the dynamic range of detection of the GR system detection.  The peak wavelength value (PWV) shifted by 
0.35 nm in the case of avidin with a concentration of avidin 400 nmol/L immobilized on the sensor surface.  In contrast, we achieved a 
1.41 nm PWV shift after adding 5 % MNPs to the solution of avidin. The MNPs not only enhance the dynamic range of detection but 
also magnetically induced interaction of avidin-biotin significantly reduced the detection time.  
Index Terms—Guide mode resonance, Optical biosensor, Photonic crystal, Magnetic nano particle.  
 
I. INTRODUCTION 
 Guided mode resonance (GR) filter structures consisting of 
thin film sub-wavelength nano-grating patterns formed on 
waveguide materials reflect white incident light producing 
sharp peak wavelength values (PWV) [1].  Notably, the PWV 
of reflected light shifts if the refractive index of the surface of 
the nano-grating changes. This and related properties of GR 
structures have led them to be used for applications including 
color filters [2]–[5], image sensors [6], and optical biosensors 
[7]–[14]. For biotechnology applications, the detection of 
biomolecules with GR structures is achieved by monitoring 
shifts in the peak wavelength resulting from the binding of 
biomolecules to surfaces of nano-grating sensors. That is, the 
PWV shifts due to changes in the refractive indices of sensor 
surfaces with and without the presence of biomolecules. 
 With this background, recently, there is increasing demand 
for new approaches to improve the sensitivity and dynamic 
range of refractive index based GR sensors for applications in 
medical diagnostics. Block et al. reported an improvement in 
the sensitivity of refractive index sensing by incorporating low 
refractive index porous dielectric material into 1D grating 
structures [15]. Víctor et al. also reported an improvement in 
sensing using neiloid shaped nanopillars with a 2D metal 
assisted GR sensor [16]. However, these methods require the 
optimization of sensor parameters such as choice of materials, 
geometry of structures, and fabrication process.  
  Here, we describe a simpler and potentially more effective 
approach to enhance the sensitivity of refractive index of GR 
sensors by combining GR sensors with magnetic nanoparticles 
(MNPs).  The magnetic nanoparticles can be functionalized 
with biomolecules and manipulated by external magnetic 
fields [17], [18], and refractive index enhancement is achieved 
by immobilizing the MNPs onto sensors via complementary 
antigen-antibody type biomolecular interaction. Furthermore, 
MNPs enable rapid diagnostic protocols because MNPs can be 
moved over sensing regions with external magnetic fields 
much more quickly than Brownian motion based biomolecular 
interactions.  
In this study, we used electron beam lithography of silicon 
nitride (SiN) thin films to fabricate one-dimensional nano 
grating GR sensors. We measured the variation of the PWV 
shift with magnetic nano particles concentration and time, and 
observed enhancement of GR biosensor sensitivity and 
dynamic range using biotin functionalized MNPs.    
II. MATERIALS AND METHODS 
A. Simulations and Sensor Design 
	 Fig. 1 is schematic diagram of the GR biosensor used in this 
study. The sensor is composed of a cover layer (air) at the top, 
sample layer (biomolecular samples), grating layer, waveguide 
layer, and finally a substrate layer (quartz glass) at the bottom. 
Based on the theory of optical waveguides [1], under classical 
mounting the effective index of the i-th order diffracted wave 
is in the range according to the equation (1), 
 max	{ &', &)} ≤ ,-//0 = | &' sin 6 -89/Λ| < &<      (1) 
 
 where !"   and !"   are the relative permittivity of each region,	"#   
is the average relative permittivity of !"($)  , !"   is the 
propagation constant, !"   is the wave number, !   is the incident 
angle, λ is the diffracted wavelength, and Λ is the period of 
the grating layer.  
 When a broadband light source illuminates GR sensors, a 
narrow band of wavelengths of light is observed in the 
reflection spectrum. Also (1) shows that the resonant 
wavelength is affected by refractive index of the sensing area 
(the sample layer). This is the working principle behind the 
utilization of GR sensor as a refractive index sensor. 
Biomolecules have a high refractive index, so that the PWV 
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shifts significantly when biomolecules are attached on the 
grating surface. 
 
Fig. 1.  Schematic view of a 1D GR sensor element.  
 
	 The GR biosensor was modeled and simulated using Finite 
difference time domain method (FDTD) software (FDTD 
Solutions, Lumerical Solutions Inc.). Two-dimensional (X-Y) 
FDTD simulations with grating periodicity varying along X-
axis and incident light along Y-axis were performed. A 
periodic boundary condition along X-axis and absorbing 
perfectly matched layer (PML) boundary condition along Y-
axis were used with auto meshing (minimum mesh step size 
0.25 nm and simulation time of 3000 femto-seconds). The 
parameters of the simulated GR structure are shown in Fig. 2. 
It consists of a grating with a period 500 nm and 50 % duty 
cycle. The height of the SiN grating and the SiN planar 
waveguide is 100 nm, respectively. Related simulation results 
are shown in Fig. 7. These parameters ensure that the GR peak 
is observed in the visible region of the spectrum.  
 
Fig. 2.  Sensor structure design with periodic silicon nitride 
structure on a glass substrate. 
 
B. Sensor fabrication and characterization 
 As shown in Fig.3, the fabrication steps include deposition of 
silicon nitride thin film by plasma enhanced chemical vapor 
deposition (PECVD), patterning by electron beam lithography 
(EBL), and reactive ion etching (RIE). 
  Specifically, first a 200 nm thick layer of silicon nitride (n = 
2.0) was deposited on a quartz substrate (n = 1.45). Next, a 
positive electron beam resist (ZEP520A-7, Zeon Chemicals) 
was spin coated to a thickness of 300 nm and baked for 3 min 
at 180 °C. A charge dissipating agent (ESPACER300, Showa 
Denko) was also spin coated and baked for 10 min at 60 °C. 
Next, the 1D grating pattern was produced with an EBL 
system (JBX-6300DA, JEOL). The grating structures were 
produced by RIE of the top 100 nm of the SiN film through 
this patterned resist mask. The nitride film was etched using 
tetrafluoromethane (CF4) gas, and finally, the electron beam 
resist was removed by immersion in a mixture of sulfuric acid 
and hydrogen peroxide (H2SO4 : H2O2 = 3 : 1) for 10 min 
followed by rinsing in deionized (DI) water. 
 The resulting devices were characterized by scanning electron 
microscopy (SEM) and an atomic force microscope (AFM). 
The spectrum obtained from the GR structure was analyzed 
with spectrometer (HR4000, Ocean Optics) with incident light 
from a broadband light source (LS-1 tungsten halogen light 
source, Ocean Optics).   
 
 
Fig. 3.  Schematic of the fabrication process steps for the 
GR sensor. 
 
C. Experimental setup 
 In order to characterize the effect of MNPs, we immobilized 
MNPs (nanomag®-D 130nm COOH, Micromod) onto sensors 
by chemically mediated bonding. The sensor was enclosed in 
a polydimethylsiloxane (PDMS) container to hold the mixed 
solution (MNPs in DI water) as shown in Fig. 4. An optical 
fiber bundle with seven fibers in hexagonal configuration (1 
central fiber + 6 peripheral fibers in hexagonal arrangement) 
was used for introducing the incident light from halogen lamp 
as well as obtaining the reflected light spectrum. The 
peripheral fibers were used as the light source and the central 
fiber was used for detection. 
 
D. Refractive index measurement with salt solution 
 In order to experimentally test the feasibility of using the GR 
biosensor as a refractive index sensor, we measured samples 
of four different concentrations of aqueous salt solution (n = 
1.333 to n= 1.368). First, the sensor surface was submerged in 
DI water (n = 1.333) and the peak position measured. Then, an 
aqueous salt solution was dropped onto the sensor surface and 
the PWV shift observed for each of the four cases. The 
sensitivity of the refractive index sensor was defined as the 
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shift in wavelength per unit refractive index change of the 
sensing medium. 
 
E. MNPs experiment 
 The sensor surface was functionalized as follows. First, the 
sensor surface was cleaned with a mixture of sulfuric acid and 
hydrogen peroxide for 10 min and rinsed with DI water. Then 
it was treated with air plasma for 1 min to expose hydroxyl 
group (-OH) on its surface. Next, an amine group (-NH2) was 
introduced by immersing the sensor surface in 5 % solution of 
3-aminoprophltriethoxysilane (APTES, Sigma–Aldrich) in dry 
ethanol for 10 min at room temperature. The substrate was 
then rinsed thoroughly with dry ethanol and DI water. Finally, 
the sensor was dried and annealed on a hotplate at 110 °C for 
10 min to stabilize the amino group. The PWV of the sensor 
was measured after this step and used as the reference for the 
initial PWV. After silanization, a solution of 130 nm carboxyl 
terminated MNPs was pipetted in the chamber and 
immobilized onto the sensor surface. Then, the sample was 
rinsed with DI water and dried.  In our experiments, we 
determined the optimal time (reaction time) and concentration 
required for to maximize PWV during measurements. The 
reaction time was defined as the time interval from pipetting 
of the MNPs solution onto the sensor surface until rinsing of 
sensor surface with DI water. The PWV shift was measured 
for reaction times of 30 s to 30 min using 3 % (1.05×1011 
particles per ml, calculated from datasheet) MNPs solution to 
determine the saturation time of the shift in PWV. We also 
carried out experiments using a permanent magnet (magnetic 
field of 0.74 T) to pull the MNPs onto the sensor surface.  
Furthermore, solutions with 0.5 % (1.75×1010 particles per 
ml) to 3 % concentrations of MNPs solution were dropped 
onto sensors and left for 5 min before being rinsed with DI 
water. Note that each PWV measurement was made after 
drying the samples. In addition, we also took SEM images of 
MNPs immobilized on sensor surfaces. 
 
Fig. 4.  Schematic of experimental setup for 
immobilization  of MNPs to mesurement of the reflection 
spectrum.  
F. Samples to test sensitivity enhancement with MNPs  
 The possibility of enhanced sensitivity of refractive index GR 
sensors was tested using MNPs and avidin-biotin 
functionalizing model. Fig. 5 shows the principle of the MNP 
based detection system for enhancing the sensitivity of 
refractive index GR sensors. When avidin binds to a 
biotinylated sensor surface, the refractive index of the surface 
changes, resulting in a shift of the peak wavelength (Fig. 5(a)). 
Next, when MNPs are immobilized onto the surface of the 
sensor by dropping a solution containing MNPs (nanomag®-D 
130nm biotin, Micromod) terminated with biotin, they also 
attach to the sensor via interaction with avidin (Fig. 5 (b)). The 
binding of the MNPs changes the refractive index of the 
sensor surface, hence further increasing the peak wavelength 
shift. We experimentally compared two cases: (1) the peak 
shift for a solution of 400 nmol/L avidin; and (2) a solution of 
400 nmol/L avidin with 5 % (1.75×1011 particles per ml) 130 
nm biotinylated MNPs.  
 The experimental details are as follows. After silanization 
(same procedure as the previous experiments), the sample was 
dipped over night at room temperature in a mixture of NHS-
biotin (N-Succinimidyl D-Biotinate, Tokyo Chemical 
Industry) and dimethyl sulfoxide (DMSO, Wako) with a NHS-
biotin concentration of 1 mmol/L and rinsed in DI water. Next, 
the sample was functionalized with biotin, and 50 µL of avidin 
(Avidin from egg white, Sigma Aldrich, MW = 15,968 Da) in 
phosphate buffered saline (PBS, pH 7.4) with concentration of 
400 nmol/L was dropped onto the sensor and left to react for 
30 min at RT. The sensor was then dipped in a bovine serum 
albumin (BSA, Albumin from Bovine Serum, Wako) blocking 
buffer solution (0.5 % BSA in PBS) at 4 °C for 30 min, to 
reduce unspecific binding between the MNPs and sensor 
surface. After the blocking step, the sensor was washed with 
PBS-T (PBS with 1 % Tween20, Wako) solution. Finally, 50 
µL of 5 % biotinylated MNPs solution was dropped onto the 
sensor and left to react for 5 min on top of a magnetic field of 
0.74 T. Then the sensor was washed with PBS-T and DI water 
and blow dried.  
 
 
Fig. 5.  Illustration of the effect of MNPs binding on the 
GR sensor surface on the peak wavelength shift. (a) Avidin 
only; (b) Immobilizing MNPs on the surface enhances the 
shift in the peak wavelength compared to configuration (a).  
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III. RESULT AND DISCUSSION 
A. Sensor characterization 
 From AFM and SEM imaging the actual device dimensions 
were: grating period = 250 nm (Fig. 6 (a) and Fig.6 (b)) with a 
grating height = 120 nm as shown in Fig. 6 (c). The optical 
spectrum from GR sensor was compared with theoretical 
simulations to ensure the sensor was functioning as expected. 
Fig. 7 shows the experimental and simulated reflection 
spectrum for at normal incidence. The experimental and 
calculated PWV were in very close agreement at 779.01 nm 
and 779.16 nm, respectively. 
 
 
Fig. 6.  Characterization of GR structures with (a) SEM 
image, scale bar is 100 nm, and (b) AFM topography, (c) 
grating depth = 120 nm with 500 nm period. 
 
 
Fig. 7.  Simulated and experimentally obtained spectra 
from GR structures at normal incidence. Following 
parameters were used in simulation: grating height, h = 
120 nm; grating period, Λ = 500 nm; fill factor, F = 0.5. 
 
B. Refractive index measurement 
 Experimental results showed the PWV shift with 
concentration of aqueous salt solution to be linear with the DI 
water (n = 1.333) set as a standard (Fig. 8). The GR structure 
shown in Fig. 6 had an average resonance peak shift of 59.3 
nm per refractive index unit (RIU), from n = 1.333 to 1.368. 
These results showed that the nano-grating structures 
functioned as refractive index sensors, hence enabling use as 
biosensors.  
 
Fig. 8.  Experimental results for variation of PWV shift 
with concentration of aqueous salt solution. PWV for DI 
water (n = 1.333) was set as a standard. 
 
C. Tests of MNPs concentration and time dependence  
   Fig. 9 shows the PWV shift at different concentrations of 
MNPs. A small PWV shift was observed at all concentrations, 
even without the application of magnetic forces to attract the 
MNPs towards the sensor surface. We speculate that this may 
have been due to electrostatic attraction between MNPs and 
sensor surfaces. The silanized sensor surface carries a slight 
positive charge due to the presence of NH3+ ion, whereas the 
carboxyl-terminated MNPs carry a net negative charge as 
COO-, and it is possible that a few particles located near the 
sensor surface were attracted onto the sensor surface. In 
contrast to this, when magnetic fields were applied normal to 
the plane of the sensor surface to attract the MNPs towards the 
sensing area, a large increase in PWV shift was observed at all 
concentrations.  
 
Fig. 9.  Measured PWV shift with concentration 0.5 %  to 
3 % of MNPs. 
 
 We have also measured the time dependence of 
immobilization with MNPs solutions. Fig. 10 shows the time 
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dependence of PWV shifts with and without magnet fields. 
The results show that PWV shift increased gradually and 
saturated after approximately 5 min when a magnet was used. 
On the other hand, the PWV shift was not affected by 
immobilization time if magnets were not used, whereas PWV 
shift from 0.76 nm to 1.59 nm. As described in the previous 
section, MNPs located near the sensor were attracted to the top 
of the 
sensors.
 
Fig. 10.  PWV shift of time dependence. The use of magnet 
produces significant changes of PWV shift. 
 
 Fig. 11 ︎ is an SEM image of MNPs attached to the surface of a 
nano grating GR sensor (3 % MNPs, 5 min immobilization 
under a magnetic field). MNPs were uniformly immobilized 
on top of the grating surface. The results show good 
agreement with PWV shift saturation for 3 % concentration of 
MNPs with 5 min immobilization.  
 
 
 
Fig. 11. SEM image of the nano-grating after immobilizing 
MNPs onto its surface. The grating is fully covered with 
MNPs when the PWV shift shows saturation. 
 
D. PWV enhancement using MNPs with avidin-biotin 
reaction 
  We experimentally compared the detection of avidin with 
and without MNPs. The resulting PWV shift in the case of 
MNPs (average PWV shift = 1.41 nm, stdev = 0.16 nm, N = 3) 
was higher than in the case of avidin only (average PWV shift 
= 0.35 nm, stdev = 0.16 nm, N = 3) (Fig. 12) and Fig. 13 
shows the spectrum near the peak wavelength position. The 
shift in PWV position was observed to be clearly enhanced by 
the MNPs. These results show that the enhancement of 
sensitivity of GR detection was achieved by using MNPs. 
However, the degree of PWV shift was lower than the 
chemical bonding experiment (Fig. 10) even we used the 
MNPs at optimized concentration. In the case of using avidin-
biotin complex, the sensor surface may not have been fully 
covered with avidin thereby limiting the concentration of 
biotinylated MNPs that could actually attached to the sensor 
surface via interaction with avidin. This implies that even if 
there are very few complementary biomolecules on the 
sensors (detection limit), MNPs do attach, leading to increases 
in the refractive index of the surface. Hence the dynamic range 
of the sensor was expanded by applying our method.  
 
 
Fig. 12.  Comparison of using MNPs in avidin-biotin model 
experiment. The error bars indicate the standard deviation 
of resulting PWV shift values (N = 3). 
 
 
Fig. 13.  Experimentally obtained PWV shifts using MNPs. 
The results are normalized for PWV values. 
 
BB-08 
 
6 
IV. CONCLUSION 
 In conclusion, we proposed a new method to improve the 
sensitivity of GR sensor by using MNPs. Using avidin-biotin 
model experiments we demonstrated that attaching MNPs to 
sensor surfaces enhanced the dynamic range of detection of 
the GR system. The  experimental results showed the PWV to 
shift by 0.35 nm in the case of avidin (400 nmol/L) 
immobilized on the sensor surface.  In contrast, we achieved a 
1.41 nm PWV shift after adding 5 % MNPs to the solution of 
avidin. Our method is envisaged to have applications in 
improving the sensitivity of GR sensors without requiring the 
optimization of their structural parameters. 
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